ABSTRACT Previous studies of yeast cytochrome oxidase (COX) biogenesis identified Cox1p, one of the three mitochondrially encoded core subunits, in two high-molecular weight complexes combined with regulatory/assembly factors essential for expression of this subunit. In the present study we use pulse-chase labeling experiments in conjunction with isolated mitochondria to identify new Cox1p intermediates and place them in an ordered pathway. Our results indicate that before its assimilation into COX, Cox1p transitions through five intermediates that are differentiated by their compositions of accessory factors and of two of the eight imported subunits. We propose a model of COX biogenesis in which Cox1p and the two other mitochondrial gene products, Cox2p and Cox3p, constitute independent assembly modules, each with its own complement of subunits. Unlike their bacterial counterparts, which are composed only of the individual core subunits, the final sequence in which the mitochondrial modules associate to form the holoenzyme may have been conserved during evolution.
INTRODUCTION
Cytochrome oxidase (COX), the terminal enzyme of many bacterial and all mitochondrial respiratory chains, catalyzes the transfer of electrons from cytochrome c to molecular oxygen, a reaction that is coupled to proton translocation across the membrane. In yeast, mitochondrial COX is composed of 11 distinct subunit polypeptides, three of which, making up the catalytic core, are encoded in mitochondrial DNA. The other eight subunits, with still poorly defined functions, are products of nuclear genes that are imported from the cytosol. The manner in which expression of COX subunits derived from two compartmentally separated genomes is temporally regulated and the mechanism by which they assemble into the holoenzyme have become the focus of studies in a number of laboratories (Carr and Winge, 2003; Perez-Martinez et al., 2009; Mick et al., 2011; Soto et al., 2012) . A related area of active research is the process by which the catalytic subunits of the enzyme acquire the metal and heme prosthetic groups at their active centers (Cobine et al., 2006; Kim et al., 2012) .
A key discovery that has provided much of the impetus for these studies is the role played by Cox1p in both regulation and assembly of the enzyme. Biogenesis of this important catalytic subunit is modulated by Mss51p and Cox14p, both of which interact with Cox1p to form a high-molecular weight complex (Perez-Martinez et al., 2003 , 2009 Barrientos et al., 2004) . When Mss51p is part of this complex, it is prevented from carrying out its normal function as a translational activator of the Cox1p mRNA. It was proposed that dissociation of the complex is triggered by a downstream event causing the release of Cox1p for assembly into COX and of Mss51p to initiate new rounds of Cox1p translation Perez-Martinez et al., 2009 ). This regulatory loop is similar to the mechanism referred to as "control by epistasis of synthesis," which was shown to adjust the translation rate of certain chloroplast gene products commensurate with their assembly into enzyme complexes of the photosynthetic system (Choquet et al., 2001) .
More recent experiments on COX regulation have used pulldown assays and mass spectroscopy of Cox1p complexes under steady-state conditions to identify additional proteins that interact with Cox1p. Among the new components ascertained to be part of the Cox1p complex are Coa1p, Coa2p, and Shy1p (Pierrel et al., 2007 (Pierrel et al., , 2008 Mick et al., 2007) , Coa3p/Cox25p and Ssc1p (Fontanesi et al., 2010 (Fontanesi et al., , 2011 Mick et al., 2010) , and Cox5ap (Mick et al., 2010) . These findings suggest a more intricate mechanism of COX regulation than originally envisioned. This is also supported by the discovery that Mss51p can exist in at least three different states. In one, it is associated with Ssc1p but not Cox1p (Fontanesi et al., 2010; Mick et al., 2010) and is active in promoting translation of Cox1p. In the detected in the protein C eluates purified from chloramphenicoltreated and untreated cells. With the exception of the supercomplexes, the same bands were labeled in a cbp6 mutant ( Figure 1C , right) blocked in assembly of the bc 1 complex (Dieckmann and Tzagoloff, 1985) .
Mitochondria of chloramphenicol-treated cells were also extracted with lauryl maltoside, and Cox1p-HAC was purified on the protein C antibody beads. This detergent achieved a more complete solubilization of the labeled products than digitonin, but the ratio of Cox1p-HAC to Cox3p was the same as in the digitonin extract ( Figure 1B ). There was considerably less cytochrome b eluted from the antibody beads. The antibody-purified fraction separated into several radiolabeled bands on native gels, most of which were smaller than those extracted and purified in the presence of digitonin (Figure 1C, middle) . No radiolabel was detected in the region of the supercomplexes, which are dissociated by lauryl maltoside.
The newly translated products associated with the bands detected by BN-PAGE were also analyzed by SDS-PAGE in a second dimension. The two-dimensional (2D) gel revealed Cox3p and cytochrome b as the major radiolabeled proteins present in the supercomplexes of digitonin-extracted mitochondria from chloramphenicol-treated cells ( Figure 2A ). The presence of cytochrome b was confirmed immunochemically (Figure 2A, bottom) . Most of the radiolabeled Cox3p in the eluate was present in the supercomplexes and a smaller fraction in the 450-kDa band corresponding to COX ( Figure 2A ). Cox3p was not present in the D2, D3, or D4 subcomplex. Some Cox3p migrated as a diffuse band overlapping with D1. This might be some Cox3p that binds nonspecifically to the agarose beads. Although radiolabeled Cox1p-HAC and Cox2p were also present in the supercomplexes, their concentrations were lower than that of Cox3p. Similar results were obtained when the source of mitochondria was a strain expressing Cox1p with a C-terminal HA and polyhistidine tag and the digitonin extract purified on nickel nitriloacetic acid (Ni-NTA) instead of protein C antibody beads (unpublished data).
The 2D gels of the cbp6 mutant lacking the bc 1 complex indicated that most of the radiolabeled Cox3p band migrated close to the 480-kDa marker. This band is probably a COX dimer, based on its size and composition, which includes both mitochondrially and nuclear-encoded subunits of COX (Figure 2 , B and E) and the presence of COX activity when tested by an in-gel assay with 3,3'-diaminobenzidine (DAB) and cytochrome c ( Figure 2D ). Radiolabeled Cox1p-HAC and Cox3p were also detected in the region of dimeric COX in aMRSI o /COX1-HAC, a respiratory-competent strain containing the bc 1 complex, but their concentrations were much lower than in the cbp6 mutant (Figure 2, A and B) . This was also evident when the protein C antibody eluate from aMRSI o /COX1-HAC was separated by BN-PAGE and the blot probed with antibodies against Cox2p, Cox3p, and the HA tag to detect Cox1p-HAC ( Figure 2E ).
The second dimension of the lauryl maltoside extract had no detectable radiolabeled cytochrome b ( Figure 2C ). Most of newly translated Cox3p, together with much less Cox1p-HAC, was associated with L2 and L4. In contrast, Cox1p-HAC was present largely in L2 and L1. The relationship of these bands to those observed in the comparable fraction purified from the digitonin extract has not been determined. A small fraction of both Cox1p-HAC and Cox3p migrated with a band just above the 242-kDa marker, which, based on the presence of immunochemically detectable Cox1p and Cox2p, is probably monomeric COX ( Figure 2C ).
The mitochondria used in these experiments were prepared from late-log-phase/early-stationary-phase cells. Similar results other two states, Mss51p is present in larger complexes of Cox1p with other factors and can be either translationally active or inactive, depending on the presence or absence of Coa1p (Mick et al., 2011) . Mss51p and Ssc1p, together with its chaperone Mdj1p, have also been proposed to be associated with mitochondrial ribosomes in a high-molecular weight translational complex during the elongation phase of Cox1p translation (Fontanesi et al., 2010) .
In the present study we seek to gain additional insights into the assembly pathway of newly translated Cox1p in isolated mitochondria. Pulse and pulse-chase analysis of mitochondrial gene products combined with pull-down assays of tagged Cox1p enable us to identify and characterize the compositions of several new intermediates and link them kinetically in a pathway culminating in COX. On the basis of these and other results, we propose that Cox1p interacts with a subset of the nuclear-encoded subunits separately from Cox2p and Cox3p, the other two core subunits of COX. In this model, COX is composed of separate assembly modules, not unlike what was recently described for the ATP synthase (Rak et al., 2011) .
RESULTS

Expression of
Cox1p with a double-hemagglutinin plus protein C or polyhistidine tag aMRSI o /COX1-HA and aMRSI o /COX1-HAC, harboring a mitochondrial copy of COX1 with an HA or double-hemagglutinin (HA) plus protein C tag, respectively, grew normally on respiratory substrates and contained wild-type levels of COX, as evidenced by their cytochromes a and a 3 spectra, and translation of mitochondrial gene products (Supplemental Figure S1 , A-C). aMRSI o /COX1-HAC was used to obtain almost completely pure cytochrome oxidase from a lauryl maltoside extract of mitochondria by a single affinity purification step on protein C antibody beads (Supplemental Figure S1D) , indicating that the C-terminal tag is available to the antibody in the holoenzyme. MRSI o /COX1-HAH, a strain expressing Cox1p with a double-HA and polyhistidine tag (HAH) at the C-terminus of Cox1p, also grew like wild type (Supplemental Figure S1A ) but displayed a 20% reduction in COX activity.
Pull-down assays of newly translated Cox1p-HAC
Yeast strains expressing Cox1p-HAC were used to analyze assembly intermediates of COX in mitochondria by pulse labeling. aMRSI o / COX1-HAC was grown to early stationary phase in YPGal with and without an additional 2 h of growth in the presence of chloramphenicol to increase mitochondrial pools of nuclear-encoded proteins Rak et al., 2011) . Digitonin extracts of labeled mitochondria were purified with an antibody to the protein C epitope coupled to agarose beads. Almost all of the newly translated Cox1p-HAC, but only a fraction of Cox3p, and even less of Cox2p in the digitonin extract, was recovered in the eluate from the antibody beads ( Figure 1A , top). The eluate obtained from control mitochondria (aMRSI o ) with untagged Cox1p had only background levels of radiolabeled proteins. Similar results were obtained with mitochondria from cells that had been grown for 2 h in chloramphenicol, except that cytochrome b also copurified with Cox1p-HAC ( Figure 1A, bottom) .
When analyzed by blue native PAGE (BN-PAGE), newly translated Cox1p-HAC recovered from the antibody beads separated into several bands of different size ( Figure 1C ). The slowest-migrating bands corresponded to supercomplexes containing the bc 1 dimer (complex III) with either two or one COX complexes. At least five other radiolabeled bands with approximate sizes of 450 (COX dimer), 350 (D4), 300 (D3), 200 (D2), and 150 (D1) kDa were also
The precursor-product relationship of the D1-D4 subcomplexes to COX was examined by quantifying their relative rates of labeling over a period of 1-12 min as percentages of the values measured at 30 min. Newly translated Cox1p-HAC was present almost exclusively in COX and the D2-D4 subcomplexes ( Figure 3B ). D2 was the most rapidly labeled, followed by D3 and then COX (Figure 3, B and D) . This suggests that D2 is a precursor of D3 and COX. The incomplete separation of D4 from D3 and the poor labeling of D1 in this experiment made them difficult to quantify. Incorporation of newly translated cytochrome b into the supercomplexes increased with time of labeling but was slower than that of Cox3p (Figure 3 , A and C). The were obtained when aMRSI o /COX1-HAC was grown to early log, mid log, and late log/early stationary phase (Supplemental Figure S2 , A-D).
Kinetics of incorporation of Cox1p-HAC into COX subcomplexes
Of the six major products detected by SDS-PAGE, cytochrome b and Cox3p appeared to be most rapidly labeled ( Figure 3A ). An unidentified product, indicated by the asterisk in Figure 3A , was maximally labeled in the first minute of translation. The fractions eluted from the antibody beads revealed that Cox3p associates with Cox1p-HAC before cytochrome b (Figure 3 , A and C). /COX1-HAC were grown to early stationary phase in YPGal. Cells from one-half of the cultures were used to prepare mitochondria. The other half was inoculated into the starting volumes of fresh YPGal containing 2 mg/ml chloramphenicol, and growth was continued for an additional 2 h before preparation of mitochondria. Mitochondria (500 μg of protein) were labeled at 24°C with a mixture of [ 35 S]methionine and cysteine (Rak et al., 2011) . After 20 min, unlabeled methionine and cysteine were added to final concentrations of 1.6 and 0.8 mM, respectively. Mitochondria were centrifuged at 10,000 × g av for 10 min, washed with 0.4 ml of buffer containing 0.6 M sorbitol and 20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), pH 7, and suspended at a protein concentration of 10 mg/ml in extraction buffer containing 3% digitonin, 150 mM potassium acetate, 2 mM α-aminocaproic acid, and 20 mM HEPES, pH 7. The suspension was centrifuged at 100,000 × g av for 10 min, and the supernatant (74 μl) was added to 100 μl of packed protein C antibody beads that had been prewashed with wash buffer. The beads were rotated at 4°C for 90 min, centrifuged, and washed three times with 0.5% digitonin in wash buffer. Proteins were eluted by rotation of the washed beads at 4°C for 30 min with 100 μl of elution buffer containing 0.5% digitonin. The following fractions were separated by SDS-PAGE on a 17% polyacrylamide gel: E, eluate from the beads; Ex, digitonin extract; FT, protein fraction that did not adsorb to the antibody beads; M, mitochondria; P, pellet after digitonin extraction. All of the fractions loaded on the gel were adjusted to the starting volume of mitochondria (equivalent to 20 μg of protein). (B) aMRSI o and aMRSI o /COX1 were grown as in A with a 2-h incubation in medium containing chloramphenicol. The mitochondria were labeled and fractionated as in A, except that the extraction buffer contained 1% lauryl maltoside instead of digitonin and the antibody beads were washed and eluted in the presence of 0.2% lauryl maltoside. (C) Eluates of the samples obtained from mitochondria grown in the presence and absence of chloramphenicol were mixed with 0.14 volume of 7× sample buffer (Wittig et al., 2006) Figure 1A . Proteins were separated by BN-PAGE in the first dimension. A strip of the first dimension gel was soaked for 30 min in a buffer containing 0.1% SDS and 100 mM Tris-Cl, pH 6.8, and was layered on top of a 17% SDS-polyacrylamide gel for separation in the second dimension (Laemmli, 1970) . Proteins were transferred to a polyvinylidene fluoride (PVDF) membrane and exposed to x-ray film. The radiolabeled band migrating midway between Cox1p and Cox3p in the region corresponding to the supercomplexes was confirmed to be cytochrome b by Western analysis (bottom). (B) Same as A, except that mitochondria were obtained from the cbp6 mutant aMRSI o ΔCBP6/COX1-HAC grown in the absence of chloramphenicol. After autoradiography the gel was treated sequentially with 1) a polyclonal antibody against yeast cytochrome oxidase, 2) a monoclonal antibody against Cox2p, and 3) a monoclonal antibody against Cox3p. The COX antibody detects Cox1p and Cox4-9. (C) Same as A, except that the labeled mitochondria were extracted with lauryl maltoside as in Figure 1B . (D) Digitonin extracts of mitochondria from MRS-3B and MRS/COX1-HAC were fractionated on protein C antibody beads as in Figure 1A . Extracts and eluates from 50 and 170 μg of starting mitochondria protein were separated by BN-PAGE. The gel was immersed in a solution containing 0.5 mg/ml DAB and 1 mg/ml horse heart cytochrome c for several hours. The reaction was stopped with 45% methanol/5% acetic acid. Molecular weight markers were visualized by Coomassie R-250 staining after documentation of the in-gel activity. (E) Digitonin extracts of mitochondria from MRS-3B and MRS/COX1-HAC were solubilized in 3% digitonin and fractionated on protein C antibody beads. Eluates equivalent to 450 μg of starting mitochondrial protein were separated by BN-PAGE, transferred to a PVDF membrane, and reacted with antibodies against Cox2p and Cox3p. The Cox3p immunoblot was stripped and reprobed with anti-HA antibody to detect Cox1p-HAC.
Pulse-chase experiments also support a role of D2 (and D1) as precursors of the larger D3 subcomplex and of COX. After labeling of mitochondria for 10 min, translation was quenched by addition of puromycin, and radiolabeled products were chased for up to 1 h before extraction and purification of Cox1p-HAC-containing complexes. Puromycin effectively terminated translation and cleared the background of unfinished polypeptide chains present in the nonchased sample ( Figure 3E ). Some increase in radiolabeled Cox1p-HAC recovered from the antibody beads occurred during the first 15 min of chase but decreased subsequently, probably as a result of turnover (Figure 3 , E and G). Newly translated Cox2p and Cox3p also decreased during the chase. This was more evident in mitochondria of cells that had been treated with chloramphenicol ( Figure 3E ). The relative abundance of the supercomplexes and subcomplexes in the antibody-purified fractions was assessed by BN-PAGE. Visual inspection and quantification of the gel disclosed an increase in radiolabel associated with the supercomplexes and COX over the course of the chase. D3 labeling also increased after 15 and 30 min of chase but was reduced at 60 min, perhaps as a result of combined conversion to COX and turnover. In contrast, D2 and D1 progressively lost label in mitochondria of chloramphenicol-treated and untreated cells (Figure 3, F and H) . The precursor-product relationship of Cox1p-HAC in D2-D4 and in COX and the supercomplexes was confirmed from the 2D gels of the proteins pulled down from extracts of mitochondria pulsed for 10 min with and without a subsequent 30-min chase ( Figure 3I ). Most of Cox1p-HAC after the pulse was present in D2 and D3, with only trace amounts in COX and the supercomplexes. After the 30-min pulse, the loss of Cox1p-HAC in D2 was accompanied by an increase of radiolabeled Cox1p-HAC in D4, COX, and the supercomplexes ( Figure 3J ).
The pulse-chase experiment was repeated with the cbp6 mutant MRSI o ΔCBP6/COX1-HAC. Mitochondria were labeled for 10 min and chased for up to 60 min after addition of puromycin. The native gel of the antibody eluates indicated an increase in D3 during the first 15 min of chase and a progressive increase radiolabel in COX, similar that what was found with MRSI o /COX1-HAC (Supplemental Figure S3) . No radiolabel was present in the supercomplex region, as this strain is deficient in the bc 1 complex. The 2D gel of the eluate from the pulsed but not chased mitochondria showed that almost all the radiolabel was associated with Cox1p-HAC in COX and D4-D2. In contrast, the 30-min chase resulted in the incorporation of Cox3p into COX and the loss of radiolabel in the band corresponding to the D2 precursor (Supplemental Figure S3) .
Compositions of the D1-D4 intermediates
The results discussed in the preceding sections indicate the absence of newly translated Cox2p in D1-D4 and of Cox3p in D2-D4. To further characterize the four Cox1p intermediates, we integrated fusion genes expressing Cox4p, Cox5ap, Cox6p, and Cox9p (subunit 7a) with C-terminal HAC double tags into nuclear DNA of the respective null mutants. The resultant strains were rescued for growth on rich glycerol/ethanol, indicating that the presence of the tags did not compromise the functions of the different subunits (Figure 4 , A and B).
Mitochondria of strains expressing one of the four tagged subunits were labeled and digitonin extracts analyzed by SDS-and BN-PAGE following purification of Cox1p-HAC complexes on protein C antibody beads. Whereas newly translated Cox1p, Cox2p, and Cox3p copurified with tagged Cox5ap and Cox6p, only radiolabeled Cox3p and cytochrome b were detected in SDS-PAGE gel of the eluate purified from the strain with the tagged Cox4p ( Figure  4C ). The radiolabel associated with the smaller Cox9p subunit was not significantly above the background of the control wild-type W303 strain ( Figure  4C ). Unexpectedly, the eluate purified from mitochondria with Cox6p-HAC contained a strong radiolabeled band that migrated as the Atp9p subunit of the ATP synthase in SDS-PAGE ( Figure 4C ).
The native gel of the same eluates showed that all contained radiolabeled supercomplexes. Moreover, eluates obtained from strains expressing Cox1p-HAC, Cox5ap-HAC, and Cox6p-HAC also had significant radioactivity in the region spanning D3 and COX ( Figure 4D, left) . The 2D S]methionine plus cysteine for the indicated times and immediately added to an equal volume of 4% digitonin in extraction buffer and centrifuged. The digitonin extracts were further purified on protein C antibody beads as in Figure 1A . Samples of the extracts and eluates from the beads were separated by SDS-PAGE on a 17% polyacrylamide gel, transferred to nitrocellulose, and exposed to x-ray film for 20 h and for 10 d. (B) The eluates from the antibody beads were separated by BN-PAGE, transferred to PVDF membrane, and exposed to x-ray film. S]methionine and cysteine for 10 min. Translation was terminated by addition of puromycin. After incubation for an additional 20 min mitochondria were extracted with digitonin as in E, and Cox1p-HAC was purified on the antibody beads. The eluates from the beads were separated by BN-PAGE on a 3-14% polyacrylamide gel in the first dimension and by SDS-PAGE on a 17% gel in the second dimension. Proteins were transferred to PVDF and visualized by exposure to x-ray film.
the presence of Cox5ap in D2, D3, D4, and COX and of Cox6p in D3, D4, and COX but not in D1 or D2. The 2D gel with the eluate containing Cox5ap-HAC revealed the presence of radiolabeled Translation was terminated with puromycin, and incubation continued for an additional 10 min. The labeled mitochondria were extracted by addition of 1.2 volumes of 4% digitonin and tagged subunits purified on protein C antibody beads as in Figure 1A . Samples of extracts and eluates were separated by SDS-PAGE on a 17% polyacrylamide gel. (D) The digitonin extracts and eluates obtained in C were separated by BN-PAGE. After transfer to PVDF, the blot with the eluates was first exposed to x-ray film and then probed with a mouse monoclonal antibody against the HA epitope. The blot with the extracts was immunostained with a monoclonal antibody against Cox2p. (E, F) The eluates with Cox5ap-HAC and Cox6p-HAC were separated by BN-PAGE in the first dimension and by SDS-PAGE in the second dimension. Proteins were transferred to nitrocellulose and exposed to x-ray film.
gels of the eluates with Cox5ap-HAC and Cox6p-HAC confirmed that both had radiolabeled D2 (with Cox5ap-HAC only), D3, D4 and COX but not D1 (Figure 4, E and F) . These results are consistent with the migrations of D3 and D4 were slightly different. It is not clear whether this difference stems from the HAC tag on this subunit or from compositional differences. Mixing the Coa1p-HAC with the Cox14p or Mss51p-CH eluate, however, resulted in a fused pattern, suggesting that the two sets of bands were the same (unpublished data).
Two-dimensional gels of the eluates with Cox14p-CH and Mss51p-CH indicated the presence of Cox1p, Cox2p, and Cox3p in the COX band of Cox14p-CH but only of Cox1p in the same region of Mss51p-CH ( Figure 5, D and E) . This suggests that in addition to COX this region might contain an incompletely assembled COX intermediate. An in-gel enzyme assay confirmed the coimmunoprecipitation of COX with Cox1p-HAC and Cox14p-CH but not with Mss51p-CH, in which the activity stain was not significantly more than the background activity of W303 devoid of tagged protein ( Figure 5C ) Insertion of heme A at the two redox centers of Cox1p is dependent on Shy1p Hannappel et al., 2012) . It has been proposed that this protein interacts with newly translated Cox1p subsequent to formation of the Mss51p complex, and in some models of COX assembly this corresponds to the step at which Mss51p is released to promote a new round of Cox1p translation (Fontanesi et al., 2011) . The association of Shy1p with the different complexes identified in this study was probed in a strain that expressed the protein with a C-terminal tag consisting of protein C followed by polyhistidine (Shy1p-CH). Shy1p-CH, adsorbed to Ni-NTA beads from labeled mitochondria, copurified only with newly translated Cox1p ( Figure 5F ). The radiolabeled Cox1p in this fraction migrated in the COX region of the native gel ( Figure 5G ). The absence of radiolabeled Cox2p and Cox3p in the Shy1p-enriched fraction further substantiates the presence of another intermediate in the COX region of the blue native gel, which is designated as D5 in Figure 5 . In-gel assays of COX activity indicated that Shy1p is also associated with fully active COX itself and with the supercomplexes ( Figure 5H ).
The concentrations of D3 and D4 in aMRSI o /COX1-HAC are sufficiently high to be detected with an antibody against the HA tag. This was also true of a panel of COX mutants defective in expression of Cox2p, Cox3p, Cox4p, Cox5ap, Shy1p, and Cox10p (Supplemental Figure S4 ). In agreement with previous reports, both assembly intermediates were absent in a cox14 mutant. The presence of D3 and D4 in the cox10 mutant (Supplemental Figure S4 ) suggests that addition of heme A to Cox1p is not required for either formation or stability of these complexes and is consistent with the proposed interaction of Shy1p at a step subsequent to D4 to form a higher-molecular weight intermediate (D5) that comigrates with COX in native gels.
Cox1p intermediates in mss51 temperature-sensitive mutants
Temperature-sensitive (ts) mss51 mutants were used to further probe the function of Mss51p in assembly of COX. The mss51 ts alleles were obtained by mutagenic PCR amplification and were substituted for the wild-type gene in a strain expressing Cox1p-HAC. The ts mutants exhibited a reversible growth defect on respiratory substrates ( Figure 6A ) and did not translate Cox1p-HAC at 37°C ( Figure  6B ). Even though incorporation of newly translated Cox1p-HAC into the D1-D4 intermediates was completely blocked at the restrictive temperature, the large steady-state pools of D3 and D4 allowed some assembly of COX, as witnessed by the appearance of label in COX and the supercomplexes ( Figure 6C ). The ability of Cox1p-HAC to transition through its normal assembly pathway under cytochrome b, trace amounts of Cox1p and Cox3p, and a novel band migrating above Cox1p (asterisk in Figure 4 , E and F) in the supercomplex region. The same bands including Cox2p were present in the supercomplex region of the Cox6p-HAC eluate. However, there was substantially more Cox1p and Cox3p associated with the supercomplexes in the eluate with Cox6p-HAC than with Cox5ap-HAC, probably because of lesser accessibility of the latter to the antibody. The tag on Cox5ap, which is located at the interface of COX and the bc 1 complex (Heinemeyer et al., 2007; Mileykovskaya et al. 2012) , might be masked in the supercomplex but not in COX or Cox1p intermediates. The Cox9p-HAC eluate contained supercomplex with a single COX (this was also the only supercomplex detected with antibodies against Cox2p and the HA tag) but was deficient in radiolabeled D1-D4, indicating that this subunit is not present in the Cox1p intermediate complexes. The C-terminal modification of Cox9p might therefore partially inhibit COX assembly.
Most of the label between the COX and D1 region of the COX6p-HAC strain was present in a mitochondrial product that migrated as the Atp9p monomer when separated by SDS-PAGE in the second dimension ( Figure 4F ). This protein was absent in a Cox6p-HAC pull down of an atp25-null mutant blocked in expression of Atp9p (Zeng et al., 2008) but was present in the eluate of an mss51-null mutant expressing Cox6p-HAC (unpublished data). This indicates that the interaction of newly translated Atp9p with Cox6p-HAC occurs independent of Cox1p or COX.
Relationship of the D1-D4 to previously described Cox1 complexes
The most abundant Cox1p assembly intermediate has been reported to have a size of 450 kDa measured by sucrose gradient sedimentation (Fontanesi et al., 2010) and of 440 kDa (Pierrel et al., 2007) or 230 kDa when estimated by BN-PAGE (Mick et al., 2010) . The presence of Cox1p in this complex was shown directly by coimmunoprecipitation with Cox14p, Mss51p, Ssc1p, Coa1, and Coa3p and indirectly by the absence of the complex in mitochondria of cox14, mss51, and coa3 mutants (Fontanesi et al., 2010; Khalimonchuk et al., 2010; Mick et al., 2010) . A second, less abundant Cox1p complex migrating just above the 230 or 440 kDa complex in blue native gels has also been reported (Pierrel et al., 2007; Khalimonchuk et al., 2010; Mick et al., 2010) . This complex was deduced to contain Coa1p in addition to Mss51p, Cox14p, and Cox3p (Mick et al., 2010) . The relationship of these previously described Cox1p-containing complexes to those identified in this study was assessed by characterizing some of the accessory factors associated with D1-D4 by means of pull-down assays similar to those described in the preceding sections. For these studies we used strains expressing Mss51p, Cox14p, Shy1p, and Coa1p with a C-terminal protein C followed by a polyhistidine tag (CH) or with HA followed by a protein C tag (HAC).
In these studies radiolabeled Cox1p, Cox2p, and Cox3p were found to copurify with Cox14p-CH and Coa1p-HAC. This was also true of the eluate from the Cox1p-HAC control but not of Mss51p-CH, which contained only Cox1p ( Figure 5A ). The eluates separated on a blue native gel revealed that the major radiolabeled band in the Mss51p-CH and Cox14p-CH eluates corresponded to D3 ( Figure 5B ). D2, D4, and COX but not the supercomplexes were also labeled, confirming earlier evidence that Mss51p is not associated with COX in the supercomplexes (Pierrel et al., 2007; Fontanesi et al., 2010; Mick et al., 2010) . A major difference in the eluates from the Cox14p-CH and Mss51p-CH strains was the absence in the latter of D1 ( Figure 5 , B, D, and E). Although the eluate from the Coa1p-HAC strain displayed a similar pattern of radiolabeled bands, Figure 1A . Radiolabeled mitochondrial gene products were visualized after separation of the digitonin extracts and eluates on a 17% polyacrylamide gel by SDS-PAGE (A) and BN-PAGE (B). (C) The eluates from the antibody beads were separated by BN-PAGE and stained for COX activity as in Figure 1D . (D, E) Mitochondria were labeled and extracted with digitonin, and the extracts were purified on antibody beads as in A. Eluates from the beads were separated by 2D gel electrophoresis. Proteins were transferred to a PVDF membrane and exposed to x-ray film. (F) Mitochondria from W303-1B, MRS/COX1-HAH, and W303/SHY1-CH were labeled and extracted as in A. The digitonin extracts were incubated with Ni-NTA beads (Qiagen, Valencia, CA) for 2 h in the presence of 400 mM NaCl, 20 mM imidazole, and 0.5% digitonin, pH 8.0. The resin was washed three times in the same buffer and proteins eluted with 150 mM imidazole, pH 7.4, in 0.5% digitonin. Samples of the extracts and eluates were separated by SDS-PAGE on a 17.5% polyacrylamide gel, transferred to nitrocellulose, and exposed to x-ray film. (G) The eluates from Ni-NTA were separated by BN-PAGE. Proteins were transferred to PVDF membrane and exposed to x-ray film. (H) Mitochondria from W303-1B, MRS/COX1-HAH, and W303/SHY1-CH were extracted as in C. The digitonin extracts were incubated with Ni-NTA resin and eluted as in F and stained for COX activity as in C.
restrictive conditions was also evident when mitochondrial gene products were labeled at the permissive temperature followed by a chase at the nonpermissive temperature. Translation of Cox1p-HAC in mitochondria of a strain with wild-type or mutant Mss51p at 24°C led to its incorporation into the smaller D1 and D2 intermediates and could be efficiently chased at 37°C into the larger D3 and D4 intermediates and into COX and the supercomplexes (Figure 6 , D and E).
DISCUSSION
COX assembly is an important aspect of the process by which mitochondrial function and morphology are maintained and modulated during cell growth and adaptation to changing environmental and physiological circumstances. In recent years a number of laboratories have studied this problem in baker's yeast because of the plentiful biochemical and genetic resources provided by this organism. The approaches taken have relied on analyzing assembly intermediates of COX under steady-state conditions, particularly as it applies to Cox1p, which is believed to play a central role not only in assembly, but also in coordinating and achieving a balanced output of COX polypeptides expressed from mitochondrial and nuclear genes. These studies have been instrumental in identifying two Cox1p assembly intermediates and in attaining an inventory of their constituent subunits and regulatory factors (Perez-Martinez et al., 2003; Barrientos et al., 2004; Pierrel et al., 2007; Fontanesi et al., 2010; Mick et al., 2010) .
In the present study we used a kinetic approach to gain additional insights into biogenesis of previously and newly identified Cox1p intermediates. These studies relied heavily on the use of strains expressing Cox1p with an affinity tag that is recognized by and easily dissociated from its antibody under nondenaturing conditions. Our interpretations of the results presented here are summarized as follows:
1. Cox1p progresses through at least five intermediates, four of which are discernible on native gels, with a fifth (D5) that is not directly demonstrable because it comigrates with COX. This last is the largest intermediate that does not contain newly translated Cox3p, but it copurifies with Mss51p and Shy1p ( Figure 5 , D, E, and G).
2. D3 and D4 are probably equivalent to the two Cox1p intermediates described in other studies (Pierrel et al., 2007; FIGURE 6 : Cox1p intermediates in an mss51 ts mutant. (A) Serial dilution of the wild-type W303-1B, the mss51-null mutant (W303ΔMSS51), and two independent mss51 ts mutants, MSS51ts-1/COX1-HAC and MSS51ts-2/COX1-HAC, were spotted on YPD and YEPG. The plates were incubated for 2 d at the indicated temperatures. The YEPG plate that had been incubated at 37°C was transferred to 30°C and incubated for an additional 2 d (far right). (B, C) Mitochondria were prepared from the wild-type strain W303-1B and the two mss51 ts mutants grown at 30°C. They were preincubated either at 24 or 37°C for 5 min before addition of [ 35 S]methionine and cysteine and further incubated at the same temperatures for 30 min. Mitochondria were extracted with 1.2 volumes of 4% digitonin and the extracts purified on protein C antibody beads as in Figure 1A . The extracts were separated by SDS-PAGE on a 17% polyacrylamide gel (B) and the eluates from the beads by BN-PAGE (C). Proteins were transferred either to nitrocellulose or a PVDF membrane and exposed to x-ray film. (D) Mitochondria from the wild-type strain MRSI o / COX1-HAC and from the mss51 ts mutant were labeled for 20 min at 24°C with [ 35 S]methionine and cysteine. Puromycin was added, and incubation continued for another 10 min at 37°C before extraction with digitonin. The extracts were purified on antibody beads, and samples of extract and eluates were separated by SDS-PAGE on a 17% polyacrylamide gel. Proteins were transferred to nitrocellulose and exposed to x-ray film. (E) The eluates from D were separated on a blue native gel, transferred to a PVDF membrane, and exposed to x-ray film.
in the supercomplexes but, as indicated earlier, not in the D1-D5 intermediates (unpublished data). This is supportive of the idea that Cox4p associates after Cox5ap and Cox6p, perhaps as a separate intermediate complexed to Cox3p. The partial adsorption of COX and the supercomplexes in the strain expressing Cox9p-HAC (Figure 4, C and D) indicates that the tag on this subunit is not readily available.
In agreement with previous studies (Pierrel et al., 2007; Perez-Martinez et al., 2009; Fontanesi et al., 2010; Mick et al., 2010) , biogenesis of Cox1p intermediates is contingent on Mss51p and Cox14p ( Figure 6C and Supplemental Figure S4 ). Inactivation of a temperature-sensitive Mss51p mutant at the restrictive temperature does not interfere with COX biogenesis after translation of Cox1p at the permissive temperature, indicating that the interaction of Cox1p with Mss51p is not obligatorily coupled to translation. Mss51p also associates with D2 but not D1, indicating that the translational activator function of Mss51p is separate from its function as a Cox1p chaperone.
Although the sequence of events leading to assembly of COX 6.
deduced from the in vitro results reported here could differ in vivo, two lines of evidence argue against it. First is the correspondence in the composition of the major Cox1p intermediate present in mitochondria under steady-state conditions (Pierrel et al., 2007; Fontanesi et al., 2010; Mick et al., 2010) and the D3 intermediate identified by pulse labeling of isolated mitochondria in the present study (point 1 earlier). Second, assembly-dependent regulation of Cox1p translation inferred from in vivo labeling of different cytochrome oxidase mutants (Perez-Martinez et al., 2003 , 2009 Barrientos et al., 2004) is also observed when Cox1p-HAC is translated in organello (Supplemental Figure S5 ).
The significance of the observed association of Cox6p-HAC with 7.
newly translated Atp9p is not clear. It could signify a coregulation of COX and ATP synthase assembly. It is unlikely that Atp6p plays a role in Atp9p biogenesis, as cox6 mutants are able to assembly ATP synthase efficiently. Recent evidence from studies of mammalian mitochondria suggests that the bc 1 and cytochrome oxidase complexes may assemble on a scaffold provided by complex I components (Moreno-Lastres et al., 2012) . Because Saccharomyces cerevisiae lacks complex I, this function, if it exists in yeast, might have been acquired by another inner membrane constituent, such as Atp9p.
On the basis of these observations, we propose that COX is assembled from possibly three separate modules, as outlined in Figure 7 . One consists of Cox1p complexed to Cox5ap and Cox6p. The other modules, Cox2p and Cox3p, might assemble independently with their own complement of subunits. Rcf1p, for example, has been shown to interact with Cox3p and to be required for assembly of this subunit into COX and of the latter into the supercomplex (Strogolova et al., 2012) . The sequence in which these modules interact to form the holoenzyme cannot be stated at present. Yeast cox2 mutants have been reported to contain a subassembly consisting of Cox1p and Cox3p (Horan et al., 2005) , which could indicate that Cox2p is the last module to enter the assembly pathway.
Unlike the 11-13 subunits of mitochondrial COX, the bacterial enzyme consists of 3 core subunits (Cox1p, Cox2p, and Cox3p) and in some cases of a fourth polypeptide of unknown function. The temporal order in which the core subunits of bacterial COX interact is likely to have been conserved during the evolutionary Fontanesi et al., 2010; Mick et al., 2010) . This is based on their immunochemical detection under steady-state conditions (Supplemental Figure S4 ) and cofractionation with Mss51p and Cox14p ( Figure 5 ). Unlike Cox14p and Coa1p, which are associated with both D1 and D2, Mss51p is present in D2 but not D1. This suggests that Mss51p interacts with newly translated Cox1p subsequent to Cox14p and Coa1p.
The kinetics of in organello labeling of mitochondrial gene prod-3.
ucts and pulse-chase analysis of the distribution of label in Cox1p intermediates, COX, and the supercomplexes indicate D2 (and D1) to be precursors of the larger and more abundant D3 (and D4) and the latter to be precursors of COX (Figure 3) . The large increase of radiolabeled Cox1p in the COX region after a chase is probably contributed by D5 rather than COX, as the increase of radiolabel Cox1p in the supercomplexes is considerably less (Figure 3 , I and J). There is more radiolabeled Cox3p than Cox1p in the supercomplexes after a chase. This can be explained by the large steady-state pools of D3 and D4 (Supplemental Figure  S4) , which effectively dilute radiolabeled Cox1p translated during the pulse. It is not excluded, however, that an exchange of newly translated Cox3p with fully assembled COX might also contribute to the aberrant stoichiometry.
Conversion of D2 and D1 to the larger D3 and D4 is relatively slow, as it can be resolved both kinetically and by pulse chase. Assembly of the Cox1p precursor with Cox2p and Cox3p, however, must be a rapid step, as no intermediates with these subunits were detected in the pulse-chase analysis. In addition to the regulatory and assembly factors, Cox1p as-5.
sembly intermediates contain at least two subunits of the enzyme. Both D3 and D4 copurify with Cox5ap-HAC and Cox6p-HAC on protein C antibody beads (Figure 4 , E and F). Cox5ap but not Cox6 also appears to be associated with D2. This suggests that the interaction of Cox1p with its immediate partner Cox5ap occurs early during assembly of this module. Both Cox5ap and Cox6p are present in D3, D4, and probably D5. Cox5ap has also been reported to be associated with a Cox1p intermediate that probably corresponds to D3 (Mick et al., 2010) . It is not excluded that Cox5ap and Cox6p assemble as a unit, in view of earlier evidence that indicated extensive turnover of Cox5ap in cox6-null mutants and complete release of Cox6p into the matrix in cox5a mutants (Glerum and Tzagoloff, 1997) . The absence of Cox1p intermediates in the antibody eluates obtained from strains expressing tagged Cox4p and Cox9p suggests that these subunits may be complexed to other mitochondrially derived subunits during assembly of COX. Cox2p and Cox3p are good candidates, as in the holoenzyme they are in direct contact with Cox9p and Cox4p, respectively, but not with Cox1p (Tsukihara et al., 1996) . Because of insufficient exposure to x-ray film, Cox1p and Cox2p are not detectable in the eluate from the strain expressing Cox4p-HAC ( Figure 4C ), Longer exposures of eluates obtained after pulse-chase labeling of mitochondria from the Cox4p-HAC strain when separated on 2D gels revealed the presence of radiolabeled Cox1p, Cox2p, and Cox3p
MATERIALS AND METHODS
Strains and growth media
The genotypes and sources of the S. cerevisiae strains used in this study are listed in Supplemental Growth of yeast, isolation of mitochondria, and labeling of mitochondrial gene products
Wild-type and mutant yeast were grown in YPGal to mid-log phase or early stationary phase. Cells were harvested and either used directly to isolate mitochondria or first inoculated into fresh YPGal containing 2 mg/ml chloramphenicol and grown for an additional 2 h. Mitochondria were isolated by the method of Herrmann et al., (1994) after conversion of cells to spheroplasts with Zymolyase 20T. Mitochondrial gene products were labeled in organello with [
35 S]methionine/cysteine (3000 Ci/mmol; MP Biochemicals, Solon, OH) by the procedure described previously (Rak et al., 2011) . The details of individual experiments are included in the legends to the figures.
Construction of COX1-deletion allele
The 5′ and 3′ untranslated regions (UTRs) of COX1 were amplified from mitochondrial DNA (mtDNA) of the strain MR6 with primers COX1-1 and COX1-2, and with COX1-3 and COX1-4 (Supplemental Table S2 ). The products were digested with combinations of SacI plus BamH1 and BamH1 plus XbaI, respectively. They were ligated to pJM2 (Steele et al., 1996) digested with SacI plus XbaI to obtain pCOX1/ST1 containing the 5′ and 3′ regions of COX1 separated by a BamH1 site. This plasmid was digested with BamH1 and was ligated to a 1.3-kb BamH1 fragment containing ARG8 m (Steele et al., 1996) . The resultant plasmid (pCOX1/ST2) with the cox1::ARG8m was first introduced into DFKρ o (a kar1 mutant lacking mtDNA) by biolistic transformation (Bonnefoy and Fox, 2007) , which was subsequently used to substitute the mutant for the wild-type COX1 gene in a strain with an intronless mitochondrial genome (aMRSI o ). The resultant respiratory-deficient mutant aMRSI o ΔCOX1 was verified genetically to harbor the cox1 null allele.
Construction of COX1-HA, COX1-HApH, and COX1-HAC fusion genes
To construct the fusion gene expressing Cox1p with a C-terminal HA tag, the 5′ and the first exon of COX1 were amplified from MR6 mtDNA with primers COX1-11 and COX1-12. The PCR product was digested with a combination of EcoRI and BamH1 and was substituted for the 5′ UTR of COX1 in pCOX/ST1 (see earlier discussion) to obtain pCOX1/ST7. The remainder of COX1 fused at the 3′ end to a short sequence coding for the HA tag was amplified from the intronless gene of W303I o with primers COX1-13 and COX1-HA. The product was digested with Bsp1286 and BamH1 and was ligated to the PstI and BamH1 sites of pCOX1/ST7. The resultant plasmid pCOX1/ST10 contained the 5′ UTR of MR6, intronless COX1 fused to the sequence coding for the HA tag, followed by ∼500 base pairs of 3′ UTR. This construct was used to obtain genes expressing double-tagged Cox1p. The sequence coding for the polyhistidine tag was added by amplifying the sequence starting from the BstEII site of the gene and ending with the HA tag of pCOX1/ST10 with primers COX1-16 and COX1-HA. The PCR product was digested with a combination of Nco1 and BamH1 and was substituted for the BstEII-BamH1 fragment of pCOX1/ST10 to obtain pCOX1/ST11. Similarly, the protein C tag was added by amplifying the same sequence with primers COX1-16 and COX1-C. The product was process that led to the acquisition of the 8-10 extra subunits. In the model proposed here, the core subunits evolved to form larger units/modules comprising additional proteins without affecting the sequence in which they ultimately assemble into the enzyme.
FIGURE 7: Scheme of cytochrome oxidase assembly. Newly translated Cox1p interacts with Cox14p and Coa1p to form complex D1. Cox25p/Coa3p was detected in D2, D3, D4, and COX/D5 (unpublished data). Owing to poor labeling of D1, the association of Cox25p/Coa3p with this intermediate is uncertain but is provisionally indicated, mainly because of the similarity of its behavior to that of Cox14p. Mss51p and subunit Cox5ap associate with D1 to form complex D2, which is converted to D3 by addition of Cox6p. D4 migrates separately from complex D3, but the compositional difference between the two is not known. D5, which migrates at the position of COX in the native gel, contains Shy1p in addition to the aforementioned components. D5 is proposed to be the last Cox1p intermediate before it combines with Cox2p and Cox3p, the other two mitochondrially translated subunits that make up the core of the enzyme. The completion of COX biogenesis is followed by its interaction with dimeric bc 1 complex. Ssc1p (Fontanesi et al., 2010 (Fontanesi et al., , 2011 and Coa2 (Pierrel et al., 2008; Bestwick et al., 2010) , which have also been implicated in the Cox1p biogenesis pathway, have not been examined and are not shown in this scheme.
digested with BstEII plus BamH1 and substituted for the BstEIIBamH1 fragment of pCOX1/ST10 to obtain pCOX1/ST12.
The kar1 strain DFKρ o was transformed by the biolistic method with pCOX1/ST10, pCOX1/ST11, and pCOX1/ST12 containing COX1 fused to the HA, HApH, and HAC tags, respectively. The synthetic ρ− mutants obtained from the transformations were crossed to aMRSI Construction of strains expressing nuclear gene products with either C-terminal HAC or CH tags Genes expressing the double HAC tag were constructed by first amplifying the genes with 5′ primers consisting of 18-21 nucleotides ∼500 base pairs upstream of the initiation codon and a downstream primer with sequences complementary to the HA tag followed by and ending with 18-21 nucleotides of the end of the coding sequence minus the termination codon. The resultant product was ligated to either YIp351 (Hill et al., 1986) or YIp349 (identical to YIp351, except that the LEU2-selectable marker was replaced with a 1-kb fragment of DNA containing TRP1). The resultant plasmid was used as an amplification template with the same 5′ primer and a 3′ primer consisting of a sequence complementary to the protein C tag followed by two glycine codons and ending with 21 nucleotides of a sequence complementary to the HA tag. The PCR products were ligated into the same integrative plasmids, which were linearized at the LEU2 or TRP1 gene for homologous recombination (Rothstein, 1983) of the corresponding pet-null mutant. The sequences of the primers for these constructs are listed in Supplemental Table S2 .
Hybrid genes expressing proteins with C-terminal double-CH tags (protein C followed by polyhistidine) were amplified with 5′ primers containing 18-21 nucleotides of a sequence ∼500 base pairs upstream of the initiation codon and a 3′ primer complementary to 18-21 nucleotides of the end of the gene minus the termination codon. The amplified products were cloned into either YIp351-CH or YIp352-CH, which were linearized at the LEU2 or URA3 gene, respectively, and integrated at homologous locus of the corresponding null mutants. YIp351-CH and YIp352-CH were constructed by ligating into the PstI and HindIII sites of these plasmids a doublestranded oligonucleotide with the sequence coding for the protein C tag, followed by three glycine codons and ending with six histidine codons. The sequences of the primers used for the gene amplifications and of the double-stranded oligonucleotide to obtain the modified plasmids are listed in Supplemental Table S2 .
Miscellaneous procedures
Preparation and ligation of DNA and transformation of Escherichia coli were done by standard methods (Sambrook et al., 1989) . Yeast was transformed by the lithium acetate method of Schiestl and Gietz (1989) . Proteins were separated by SDS-PAGE on different concentrations of polyacrylamide gels in the buffer system of Laemmli (1970) and by BN-PAGE on 4-13% polyacrylamide gels as described (Wittig et al., 2006) . Second-dimension SDS-PAGE was run on 12% polyacrylamide gels. Western blots were treated with antibodies against the appropriate proteins, followed by a second reaction with anti-mouse or anti-rabbit immunoglobulin G conjugated to horseradish peroxidase (Sigma-Aldrich, St. Louis, MO). Proteins were detected with SuperSignal chemiluminescent substrate kit (Pierce, Rockford, IL). Protein concentrations were estimated by the Lowry procedure (Lowry et al., 1951) .
